Analysis of an expressed sequence tag library with more than 5,000 sequences from spores of the fern Ceratopteris richardii reveals that more than 3,900 of them represent distinct genes, and almost 70% of these have significant similarity to Arabidopsis (Arabidopsis thaliana) genes. Eight genes are common between three very different dormant plant systems, Ceratopteris spores, Arabidopsis seeds, and Arabidopsis pollen. We evaluated the pattern of mRNA abundance over the first 48 h of spore development using a microarray of cDNAs representing 3,207 distinct genes of C. richardii and determined the relative levels of RNA abundance for 3,143 of these genes using a Bayesian method of statistical analysis. More than 900 of them (29%) show a significant change between any of the five time points analyzed, and these have been annotated based on their sequence similarity with the Arabidopsis proteome. Novel data arising from these analyses identify genes likely to be critical for the germination and subsequent early development of diverse cells and tissues emerging from dormancy.
The ability to survive harsh conditions and emerge from a dormant state and develop into a new organism is a characteristic common to all land plant life cycles. This emergence from dormancy is seen in the complex processes of angiosperm seed germination and in the germination of pollen, both of which play central roles in determining food production. To study the process of emergence from dormancy and the early stages of development in a germinating system, we are using the spore of the homosporous aquatic fern Ceratopteris richardii. This system parallels the simplicity of Arabidopsis (Arabidopsis thaliana) pollen, where intercellular interactions do not complicate the process, and has a physiological resemblance to many germinating seeds, since it is a phytochrome-mediated response (Cooke et al., 1987) that results in the production of a free living, photosynthetic, multicellular organism.
Ceratopteris has been used to study such diverse processes as sex determination and differentiation (Wen et al., 1999) , hormone responses (Hou et al., 2004) , photomorphogenesis (Kamachi et al., 2004) , and gravity-directed polar development (Edwards and Roux, 1998; Chatterjee et al., 2000) . Imbibed spores remain dormant until exposed to light, at which time they begin a documented series of developmental steps, including the production of a detectable polar calcium current that peaks 6 h after light exposure (Chatterjee et al., 2000) , migration of the nucleus 24 h after light exposure, a polar cell division 48 h after light exposure, and subsequent primary rhizoid emergence in the direction determined by the nuclear migration 72 h after light exposure. As demonstrated by Edwards and Roux (1998) , the spores fix the direction of their nuclear migration and primary rhizoid emergence as a response to gravity in the 6 to 18 h after light exposure. Here, we provide an initial analysis of the mRNA expression that accompanies these physiological changes.
Partial sequencing of cDNA clones as expressed sequence tags (ESTs) is an alternative to more extensive genome sequencing efforts. Large-scale EST sequencing projects (.40,000 ESTs) have been described in a number of plant systems, including maize (Zea mays), tomato (Lycopersicon esculentum), moss (Physcomitrella patens), soybean (Glycine max), and clover (Trifolium repens; Fernandes et al., 2002; Rensing et al., 2002; Shoemaker et al., 2002; Van der Hoeven et al., 2002; Sawbridge et al., 2003) .When cDNA clones are randomly selected for sequencing, the abundance of ESTs for the same gene is related to the expression level of that gene in the cDNA library. This relationship enables expression analysis of genes within a sample or comparisons between libraries constructed from biologically distinct samples using only the EST abundance data generated from sequencing and analysis (Fernandes et al., 2002) . Additionally, ESTs are useful for other expression analysis techniques, including cDNA microarrays, which rely upon known sequence information.
DNA microarray technology has provided a method of monitoring the expression profiles of almost any biological system during developmental changes (Hennig et al., 2004) , under conditions of stress response (Schenk et al., 2000; Marin et al., 2003) , and as a means of mutant analysis (Mandaokar et al., 2003) . Until now, researchers have used microarrays to determine the mRNA complement of Arabidopsis seed (Girke et al., 2000) and Arabidopsis pollen (Honys and Twell, 2003) , but there has been no analysis of the expression changes occurring during development of these systems. This study evaluates and documents the gene expression changes that occur during the emergence from dormancy and early development of a fern spore, using thoroughly replicated microarray data analyzed by a Bayesian model for determining statistically significant changes. We present data from 34 array hybridizations that include at least eight replications of four different developmental time point comparisons. Analysis of these data reveals more than 900 genes with relative changes in transcript abundance over the first 48 h of spore development. Several changes in expression observed in microarray analysis have been independently verified by real-time quantitative reverse transcription (RT)-PCR.
RESULTS

Functional and Compartmental Categorization of the C. richardii Tentative Unique Genes
Clustering and assembly of the ESTs yielded 3,930 tentative unique genes (TUGs), composed of 513 contigs and 3,417 singletons. Contigs are consensus sequences generated from two or more ESTs that are determined to represent the same expressed gene, while singletons are ESTs with no strict similarity to other ESTs in the collection.
The estimate of the total number of genes being expressed in spores 20 h after light initiation varies slightly depending on the sample size used in the calculation. Over the range of sample sizes we used (a  single 384 The TUGs were identified by BLAST analysis against the Arabidopsis proteome, yielding 2,710 TUGs with significant similarity (E value # 1.0 3 10 210 ) to Arabidopsis proteins. Using the Gene Ontology terms of the matching Arabidopsis loci (Berardini et al., 2004) , functional and localization assignments were made for each of these C. richardii TUGs, and only genes with an assignable function or subcellular localization are presented. In order to determine what may represent typical functional and compartmental distributions, as well as provide a basis for comparison, genetic loci expressed in Arabidopsis seed, pollen, and leaf tissue were similarly analyzed.
The functional expression patterns seen in C. richardii spores were generally similar to those found in various Arabidopsis tissues previously sampled (Fig.  1) . In each of the sets of loci, the broad categories of Figure 1 . Functional classification of gene products expressed in C. richardii spores. Ceratopteris TUGs were annotated by BLAST comparison with the Arabidopsis proteome, and the functional classification of each TUG was done according to The Arabidopsis Information Resource (TAIR) Gene Ontology database of the resulting best BLAST match. The functional classification distribution of genes expressed in Arabidopsis seed, pollen, and leaf tissue is also indicated.
metabolism and protein metabolism were the most abundant, accounting for more than 45% of the genes with assignable functions (Fig. 1) . The compartmental distribution of genes was more variable between the Ceratopteris ESTcollection and the Arabidopsis tissues (Fig. 2) . The collection of genes with their localization classified as other membranes shows the largest difference: C. richardii spores had a proportion 5% to 10% smaller than that typically seen in Arabidopsis. The other membranes compartmental category includes membrane proteins, excluding those that localize to the plasma membrane. The only other difference between the C. richardii spores and the three Arabidopsis tissues occurs in genes associated with the ribosome, which occurred 1.5-to 4-fold more frequently in the spores than in the Arabidopsis tissues (Fig. 2) .
Comparison of Genes Expressed in C. richardii Spores and Arabidopsis Pollen and Seeds
Ceratopteris spores share similar biological and physiological characteristics with Arabidopsis pollen and seeds. Therefore, we examined which genes were expressed in all three developmental stages of these plant model organisms. In order to limit the comparison to genes that show relatively specific patterns of expression rather than genes that are broadly expressed, we first screened each of these gene sets with a set of vegetatively expressed genes derived from analysis of more than 32,000 ESTs from Arabidopsis roots, shoots, and leaves. Of the genes included in the seed, spore, or pollen sets, 50% to 60% are also expressed in vegetative tissues (Fig. 3) . The Arabidopsis genes exhibiting pollen-and seed-specific expression were then compared with the genes expressed in spores to determine which genes are shared. Nearly 9% of the genes expressed in seeds or pollen are also expressed in C. richardii spores ( Fig. 3 ; Table I ), and eight genes are expressed in all three tissues (Table I) . Not surprisingly, the number of times an EST for a particular gene was found in the seed and spore libraries often varied (Table I ). For example, in Arabidopsis Genome Initiative (AGI) number AT4G25650, four ESTs were found in Arabidopsis seeds and two ESTs were found in C. richardii spores. Note that pollen expression was based on oligonucleotide arrays; therefore, no EST data are available.
Gene-specific primers for the eight genes common between C. richardii spores and Arabidopsis seed and pollen were used to evaluate their expression at other stages of the Ceratopteris life cycle. Total RNA was isolated from the following four stages of development: dry spores, imbibed spores 20 h after light exposure, 14-d-old mature gametophytes, and mature sporophytes. Semiquantitative and end-point RT-PCR showed that the messages for all of these genes have their highest level of abundance in 20-h developing spores, the time point used for this cDNA library. Messages for two genes, BE641602 putative Mago nashi and BE642715 putative peroxisomal targeting signal type 1 receptor, were only detected in developing spores and not present in dry spores, mature gametophyte, or mature sporophyte plants (data not shown).
Early Developmental Transcription Profile in C. richardii Spores
To analyze changes in gene expression during early spore development, we did four pair-wise time point comparisons with a minimum of eight replications for each comparison; 0 h versus 24 h, 6 h versus 24 h, 12 h versus 24 h, and 48 h versus 24 h. At least five different total RNA samples from each time point were used to generate probes for these comparisons. The supplemental data provide complete data that adhere to Minimum Information About a Microarray Experiment (MIAME) standards (Brazma et al., 2001 ) for all arrays included in this study.
Relative abundance of transcripts at 0, 6, 12, 24, and 48 h after light exposures was determined using Bayesian Analysis of Gene Expression Level (BAGEL) software (Townsend and Hartl, 2002) . For statistical analysis by BAGEL software, an array spot must meet the quality criteria described in methods for a minimum of three array data sets for each of the four time point comparisons. Seventy-two spots were omitted from analysis because of this type of insufficient replication. Because of the comparative, quantitative nature of microarray analysis, BAGEL software presents the treatment (or developmental time point in this study) with the lowest expression level with the value one and presents all other treatments as fold increases over one. This analysis also provides 95% credible interval range for all features at all treatment conditions (time points) included.
Changes in transcript abundance are defined as nonoverlapping 95% credible interval between any two time points. Of the TUGs analyzed, 70% showed no significant change at any time point over the first 48 h of development. Altogether, 922 TUGs (29%) showed a significant difference between at least two of the developmental time points analyzed (Supplemental Table I ). Of TUGs that showed a change in transcript abundance, 138 (15%) were significantly more abundant 48 h after light exposure than upon germination initiation by light or were up-regulated during the first 48 h of development. Included in that list are 35 TUGs that were significantly more abundant 48 h after light exposure than at all other developmental time points analyzed (Table II) . Altogether, 203 TUGs (22%) were more abundant at the time of initial light exposure (0 h) than 48 h after light exposure, or they were downregulated over the first 48 h of development. Eukaryotic translation initiation factor 5A-1 3 AT1G23750
DNA-binding protein-related protein 3 AT3G51840 Short-chain acyl-CoA oxidase 2 AT1G51260 Acyl-CoA:1-acylglycerol-3-P acyltransferase 1 a Pollen-expressed genes were obtained from oligo-array data, so no EST abundance data are available (Honys and Twell, 2003) .
We predicted that many of the TUGs that show changes in expression over the first 48 h of development play key roles in directing early gametophytic development. Among these, we compared and contrasted the expression pattern of six TUGs that encode two Mago nashi proteins, one SIN-like family member (Fig. 4A) , a Ras-related GTP-binding protein, a member of the nonphototropic hypocotyl 3 (NPH3) family of proteins, and a catalase family member (Fig. 4B) .
Two Ceratopteris TUGs that code for proteins with significant sequence similarity (E value of 1310 277 ) to a previously described fern (Marsilea vestita) Mago nashi protein have differing expression patterns. The mRNA for one C. richardii Mago nashi TUG has an increase in abundance that peaks 12 h after initial light exposure, then steadily decreases through 48 h. Message for the second C. richardii Mago nashi TUG shows a steady increase in abundance throughout the first 48 h of development. Expression of the TUG for a protein with similarity (E value of 7 3 10 210 ) to Arabidopsis SIN-like family protein parallels expression of one of the Mago nashi TUGs, showing ) to Ras-related GTPbinding protein in Arabidopsis shows steady expression throughout the first 24 h of development, with no significant difference in message abundance between any of these time points, followed by a doubling in abundance 48 h after initial light exposure. Abundance of the mRNA for a protein with high sequence similarity (E value of 3 3 10 223 ) to the NPH3 family protein from Arabidopsis is 2-fold higher at the 0 h time point than 48 h after light exposure, with a steady decrease in abundance between the extreme points in development that were analyzed. Lastly, the TUG that encodes a protein with high sequence similarity (E value of 8 3 10 296 ) to catalase chain 1 of upland cotton (Gossypium hirsutum), as well as strong similarity to catalase genes from several other plants, is significantly up-regulated between 0 and 48 h after light exposure.
Verification of Microarray Patterns by Quantitative Real-Time RT-PCR
As an independent confirmation of RNA expression patterns, we performed real-time RT-PCR on six genes showing significant expression changes. Message levels for Ceratopteris sequences with the accession numbers BE642028, BE642763, BE642932, BE643392, BQ087159, and BE642674 were compared to those of two control genes, BQ086953 (a-tubulin) or BE640734 (adenine phosphoribosyltransferase form 1 [APT1]). RNA was isolated in the same manner as samples used for microarray experiments. Melting curve analysis showed discrete peaks for all samples, indicating amplification of single targets. Lack of detectable signals in mock RT controls demonstrated absence of genomic DNA contamination (data not shown). Expression pattern comparisons between microarray and real-time RT-PCR are presented (Supplemental Fig. 1 ). General expression trends were corroborated by at least one control gene comparison. Specific fold changes were reasonably close to those estimated by the microarray results considering the longer linear range of sensitivity for real-time RT-PCR. While the number of ESTs analyzed in this project is similar in scale to that of other libraries of specific tissues and developmental stages (Fernandes et al., 2002; Shoemaker et al., 2002; Sawbridge et al., 2003) , this library is unique because its biological source is a single cell and represents a plant gametophytic generation. The first cell division in C. richardii typically takes place 48 h after light initiation of germination, approximately 24 h after the gravity-directed downward migration of the spore nucleus. Because the cDNA used for EST sequencing is based on RNA collected 20 h after initiation of germination, this collection of ESTs represents C. richardii gene expression at a single-celled stage of development.
Spores at this stage of development are transitioning from a dormant, desiccated state to a metabolically active one, analogous to the process of seed germination in angiosperms. This similarity may be more than superficial, as both processes appear to involve the relatively specific expression of similar proteins, including those related to desiccation and dormancy, as well as several Asp or Cys proteases (Table I ). In developing seeds, Asp and Cys proteases process storage proteins into mature subunits upon their transport to specialized protein storage vacuoles. Proteases are also involved in seed germination to initiate and complete metabolism of the storage proteins (Muntz, 1996; Gruis et al., 2002 Gruis et al., , 2004 . Because transport to the protein storage vacuole is critical, the shared expression of a seed-specific vacuolar processing enzyme may be an indicator that a similar protein storage strategy operates in both seeds and spores. It has been hypothesized that seed plants could have coopted genes used for spore dormancy to develop post-embryonic seed dormancy (Banks, 1999) . The common, tissue-specific expression of genes in both Ceratopteris spores and Arabidopsis seeds supports this hypothesis.
Biologically, fern spores are part of the haploid gametophytic generation and are equivalent to angiosperm microspores and megaspores, which divide to produce mature pollen grains and embryo sacs, respectively. Using an oligonucleotide array, Honys and Twell (2003) identified approximately 1,000 genes expressed in Arabidopsis pollen and estimated that the total number of pollen-expressed genes is approximately 3,500. The serial analysis of gene expression approach ) predicts a similar number for Arabidopsis pollen. Estimates from our EST analysis place the number of genes expressed in germinating C. richardii spores at more than 14,000. The substantial difference in estimated gene diversity between these two relatively simple germinating systems may reflect the relative physiological complexity of the free-living photosynthetic gametophytes in homosporous ferns as compared to the reduced, nonphotosynthetic gametophytes of angiosperms.
The unique group of genes found in Arabidopsis seeds, Arabidopsis pollen, and Ceratopteris spores, but not included in cDNA libraries from Arabidopsis shoot, root, or leaf ( Fig. 1; Table I ), can illuminate the physiological processes shared by these three stages; namely, maintenance of and emergence from a desiccated, metabolically dormant state. Due to the specificity of the comparisons carried out, certain expected commonalities may be missing. While several of these genes have been previously implicated in processes related to germination, to our knowledge, the presence and functional roles of these genes in all three of these unique systems have not been commented on before.
The shared expression of a eukaryotic translation initiation factor, locus AT1G54290, in Arabidopsis seed, pollen, and Ceratopteris spores comes as no surprise. It is well documented that inhibition of translation by treatment with the drug cycloheximide inhibits pollen germination (Fernando et al., 2001; Metcalf et al., 2004) as well as seed germination (Rajjou et al., 2004) . We have also found that spores treated continuously with cycloheximide do not germinate (S.C. Stout and S.J. Roux, unpublished data).
These three systems are poised for extensive and rapid growth through cell division and/or cell expansion; therefore, the inclusion of a subunit of the mitochondrial NADH-ubiquinone oxidoreductoase complex (Heazlewood et al., 2003) , locus AT2G02050, in these three systems is also not surprising. In keeping with the theme of increased cellular metabolism, locus AT2G17370 encodes HMG-CoA reductase 2, another gene found in all three systems. This enzyme catalyzes the synthesis of mevalonate, a precursor of plant isoprenoids, which are a diverse group of compounds including the hormones abscisic acid and gibberellins, sterols, components of the electron transport chain, and some plant defense agents (Enjuto et al., 1994) .
Full-length cDNA sequence similarity identifies the Arabidopsis locus AT2G25110 as an MIR domaincontaining protein, similar to stromal cell-derived factor 2 precursor of Homo sapiens. The stromal cellderived factor 2, a secreted protein, acts as a chemoattractant in mammalian immune system cells (Hamada et al., 1996) , and this report of its expression in Arabidopsis seed, pollen, and Ceratopteris spore is, to our knowledge, the first indication of a potential role in plants.
SNAP-and SNARE-type targeting protein systems control membrane trafficking in most eukaryotes. These systems have multiple small peptide components that provide specificity, and the Arabidopsis genome contains several of these genes, including 14 synaptobrevin, or VAMP, family proteins (Sanderfoot et al., 2000) . Vesicular trafficking and vacuolar sorting are processes important in seed germination and pollen tube elongation, and we have identified one synaptobrevin family gene, locus AT2G32670, that has shared expression in seed and pollen and a likely homolog expressed in spores. This shared expression may help in identifying the specific roles of various SNAP/SNARE targeting components in plant growth and development.
The TUG found in Ceratopteris spores that is similar to the Arabidopsis gene AT4G25650 found in seed and pollen is described as a Rieske (2Fe-2S) domaincontaining protein, similar to cell death suppressor protein lethal leaf spot 1 (Lls1) from maize. The gene, Lls1 from maize, was originally described as encoding a novel protein highly conserved in plants that functions as a cell death suppressor (Gray et al., 1997) . Recently, it was determined that the Lls1 and its known ortholog in Arabidopsis, accelerated cell death 1 , are both genes that encode pheophorbide a oxygenase. Pheophorbide a oxygenase is an enzyme necessary for the catabolism of chlorophyll b and removal of a phototoxic intermediate in the pathway of chlorophyll degradation (Pruzinska et al., 2003) . This gene is highly conserved among land plants and its discovery in several cyanobacteria predicts the presence of a similar gene in Ceratopteris. What may seem unlikely is the expression of a gene involved in chlorophyll catabolism in the nonphotosynthetic spore, as well as pollen and seed of Arabidopsis. This is parallel to the finding of low level expression of Lls1 in nonphotosynthetic maize embryos, endosperm, and roots and has been explained by the postulate that all plant cells have an ability to degrade chlorophyll, regardless of the presence of chlorophyll in the cell .
Research has shown the importance of the enzymes located in the peroxisome for lipid metabolism and reactive oxygen species scavenging (for review, see Palma et al., 2002; Titorenko and Rachubinski, 2004) . Recently, the works of Murgia and Hu have implicated peroxisome-mediated signaling in the nitric oxide pathway of stress responses (Murgia et al., 2004) as well as in the photomorphogenesis and development of seedlings (Hu et al., 2002) . The Arabidopsis gene COMATOSE is a homolog of the human adrenoleukodystrophy protein that is involved in transport of very long chain fatty acids into peroxisomes, and this gene has been implicated specifically in seed germination (Footitt et al., 2002) . The presence of peroxisomal targeting signal type 1 (PTS1) receptor gene (PEX5) in seed, pollen, and Ceratopteris spores provides evidence of the importance of peroxisomal activity in the process of emerging from a desiccated dormant state that is common to all three (Table I ). The Arabidopsis proteome contains almost 200 genes with PTS1 targeting signals for the peroxisome (Kamada et al., 2003) . In tobacco (Nicotiana tabacum), yeast (Saccharomyces cerevisiae), and humans, PEX5 serves as part of the receptor of proteins bound for the peroxisome that contain the PTS1 motif (Kragler et al., 1998) . Catalase is an enzyme found in the peroxisome that breaks down hydrogen peroxide very efficiently. A PTS1 signal may target the enzyme to the peroxisome (Kamigaki et al., 2003) . Further evidence for the importance of peroxisome activity in germinating systems is the significant up-regulation of a Ceratopteris catalase TUG (Fig. 4B) in the early development of germinating spores.
Analysis of Early Development Expression Profiles
The majority of TUGs analyzed, around 70%, show no credible change between any two time points of development analyzed. The remaining 922 TUGs that show a significant change between at least two time points (Supplemental Table I ) were analyzed for trends in expression pattern relevant to the physiological processes of developing spores.
Around 48 h after light exposure, the single cell of the spore undergoes its first division. The 138 TUGs that are up-regulated between initial light exposure and 48 h later may be involved in the spore emerging from its dormant state or preparing for and undergoing this cell division. There is a subset of this group of TUGs that shows a unique expression pattern: 35 TUGs (Table II) show no change in transcript abundance over the first 24 h of development, but their expression level 48 h after light exposure is significantly higher than at all other time points, suggesting that they may be especially important for spore cell division.
One TUG that shows this pattern of change in abundance has strong similarity (E value of 1 3 10 256 ) to Arabidopsis Ras-related GTP-binding protein (Fig.  4B) . Arabidopsis Ga-subunit and G protein coupled receptor play a role in the cell proliferation that occurs during seed germination (Jones and Assmann, 2004) . The role of G protein signaling in plant cell division and proliferation may not be restricted to angiosperms but may be a fundamental signaling pathway common to all plants as suggested by this expression pattern.
Another interesting pattern of expression includes genes that are possibly involved in maintaining and breaking the dormancy of the spore; 203 TUGs that are significantly more abundant when the spores are first exposed to light (0 h) than 48 h later. This is almost twice the number of TUGs that are significantly up-regulated over the first 48 h of development. The emergence from dormancy of fern spores is a lightactivated, phytochrome-mediated response (Cooke et al., 1987) . One TUG with this expression pattern has strong sequence similarity (E value of 3 3 10 223 ) to the NPH3 family protein from Arabidopsis that is critical for phototropism (Fig. 4B) . Several other TUGs with this expression pattern show strong similarity to signal transduction pathway elements and should be studied for their roles in the process of breaking dormancy and germination.
RNA Localization in Spore Polarity Development C. richardii spores determine the polarity of their subsequent development as a response to the vector of gravity some time between 6 and 18 h after their initial exposure to light. For this reason, genes that undergo changes in transcript abundance during this period of development are of particular interest. The mechanisms by which plant cells determine developmental polarity and cell fate are only beginning to be unraveled (Vroemen et al., 1999; Cove, 2000; Grebe et al., 2001) .
The Drosophila melanogaster oocyte is a model system for studying the establishment of cell polarity with well-characterized molecular components. Among these molecular components is a protein called Mago nashi, which appears to be highly conserved across kingdoms (Swidzinski et al., 2001) . In Drosophila and Caenorhabditis elegans, Mago nashi family proteins function as structural components of the spliceosome that are important in oogenesis. In Drosophila, Mago nashi protein is necessary for proper localization of at least one other mRNA, Oskar, and the proper localization of this mRNA during polar development is required for normal oocyte development (Micklem et al., 1997; Hachet and Ephrussi, 2004 ). An Arabidopsis analog of Mago nashi is found in both seed and pollen (Table I) , and two distinct Ceratopteris TUGs with significant (1 310 277 ) similarity to a previously described Mago nashi protein in the fern M. vestita were included in this EST library. One of the Mago nashi TUGs in developing spores (Fig. 4A) is upregulated early in development, with its peak transcript abundance 12 h after light exposure, followed by steadily decreasing transcript levels at 24 and 48 h. The other Ceratopteris Mago nashi TUG shows a steady increase in transcript abundance over the first 48 h of development, supporting our distinction of this as a separate Ceratopteris gene and indicating that these two structurally similar proteins may be involved in different developmental processes (Fig. 4A) . Imaging the subcellular localization of Mago nashi mRNA could provide additional evidence for its role in spore polar development, but available techniques for in situ localization are particularly problematic in Ceratopteris spores because of their high oil content. The role of RNA localization during plant embryogenesis was recently reviewed by Okita and Choi (2002) .
The proposed Arabidopsis Dicer homolog, SIN1/ SUS1/CAF, which is essential for embryogenesis (Golden et al., 2002) , demonstrates another important role for posttranscriptional modifications in the early development of plants. A Ceratopteris TUG that is significantly up-regulated during the period of polarity determination in spores shows significant sequence similarity (E value of 7310 210 ) to an Arabidopsis SINlike family protein (Fig. 4A) . The involvement of SINlike and Mago nashi-like genes in animal oocyte polar development, the specific expression of Mago nashi RNA in Arabidopsis seed and pollen, and the pattern of Mago nashi-and SIN-like transcript changes in spore germination suggests a role for RNA splicing and localization in polar development of cells in plants as well as animals.
MATERIALS AND METHODS
Plant Material and Experimental Conditions
Spores of the fern Ceratopteris richardii of an inbred diploid strain designated Hn-n were surface sterilized as described in Edwards and Roux (1998) . Spores were allowed to soak in sterile water in complete darkness at 29°C for 4 to 7 d to enhance synchronization of germination. After soaking, the water was removed, and spores were sown in a solution of half-strength Murashige and Skoog basal medium (Sigma-Aldrich, St. Louis), pH 6.3, and 0.5% agarose cooled to a temperature below 55°C. A concentration of 1 g of spores in 20 mL of media was used in this study, and aliquots of 5 mL were placed into 100-3 15-mm petri plates, allowed to solidify, and maintained in a fixed orientation. Spores were exposed to continuous white light and kept at 29°C for varying times as specified. Plates were then sealed and stored at 280°C for RNA isolation.
Total RNA Isolation
Frozen plates of spores in agar were removed and quickly ground to homogeneity with a mortar and pestle. An equal volume (5 mL) of buffer (1 M Tris, pH 7.3, 5 mM EDTA, pH 8.0, and 1% SDS) was added with two volumes (10 mL) of acidic phenol:chloroform:IAA (Fisher Scientific, Hampton, NH). The mixture was vortexed and distributed into 12 to 18 1.5-mL epi-tubes. One 3.2-mm stainless steel or tungsten bead was added to each tube, and a Mixer Mill 300 (Retsch, Haan, Germany) was used at top speed (30 oscillations/s) for 5-min intervals two times to disrupt spores. Homogenate was examined under a light microscope to verify that spores were broken open. This mixture was immediately centrifuged at 15000 rpm for 15 min at 15°C. The aqueous layer was removed and extracted with chloroform. The aqueous layer was again removed and one-tenth volume of 3 M sodium acetate and 2.5 volumes of 95% ethanol were added, and the solution was allowed to precipitate overnight at 280°C. The samples were then centrifuged at 1500 rpm for 15 min, and all pellets from one plate of spores were resuspended and combined in diethyl pyrocarbonate-treated water. Resuspended nucleic acid pellets were then treated with Amplification Grade Deoxyribonuclease I (Invitrogen, Carlsbad, CA) following the manufacturer's protocol and ethanol precipitated as described above. The final RNA pellets were resuspended in 50 mL of diethyl pyrocarbonate-treated water, and the RNA concentration was determined spectrophotometrically. The integrity of the RNA samples was verified by electrophoresis on 1.2% denaturing gels (northernMax-Gly denaturing gel; Ambion, Austin, TX).
cDNA Library Construction and EST Sequencing
RNA isolated from spores 20 h after light initiation of germination (approximately 24 h before the first cell division) was used for a commercially prepared cDNA library (Life Technologies, Rockville, MD). Randomly chosen clones were sequenced at the Purdue Agricultural Genomics Facility (Purdue University, West Lafayette, IN), and 5,085 of the resulting singe-pass sequences were used for further analysis. ESTs have been submitted to the NCBI EST database (GenBank accession nos. BE640669-BE643506, BQ086920-BQ087668, and CV734654-CV736151).
EST Assembly
ESTs were filtered for short entries or low complexity sequences using SeqClean (http://www.tigr.org/tdb/tgi/software). The resulting sequences were assembled with The Institute for Genomic Research Gene Indices clustering tools (TGICL; Pertea et al., 2003) . Briefly, TGICL clusters all of the ESTs using minimum overlap length (40 bp) and percentage identity (95%) criteria. The initial clusters were then sent to an assembly program (CAP3; Huang and Madan, 1999 ) that attempts to create one or more contigs from each cluster.
The resulting sequences in the data set are termed TUGs and consist of two types of sequences: contigs and singletons. Contigs are two or more ESTs that are presumed to represent the same transcript, and singletons are ESTs without significant similarity to any other ESTs. The set of TUGs, composed of the sets of contigs and singletons, represents the unique genes found in the EST collection.
TUG Identification and Functional Analysis
The identities of the TUGs were determined using BLASTX (Altschul et al., 1997) against the Arabidopsis (Arabidopsis thaliana) proteome (ATH1_ pep_cm_20040228; http://www.arabidopsis.org). Functional and localization categories of the C. richardii TUGs were assigned using the TAIR Gene Ontology terms associated with the locus of the best Arabidopsis BLAST match (http://www.arabidopsis.org).
An estimate of the total number of unique genes expressed in C. richardii spores was made using a nonparametric estimator typically used for the estimation of population size or species richness in ecological studies (Burnham and Overton, 1979; Brose et al., 2003) . This calculation makes use of the number of random samples in which each species appears. In our studies, we varied the sample size as a single 384-well sequencing plate, half a plate (192 wells), and two plates (768 wells). For each TUG, the number of samples in which it occurred was tabulated from the number of plates containing its constituent ESTs. Given an expected percent coverage of approximately 25% to 30%, the fourth-order jackknife estimator was used (Brose et al., 2003) , and the final percentage of coverage of expressed genes was determined by dividing the number of TUGs by the estimated number of unique genes.
Arabidopsis Tissue-Specific Genes
EST collections from Arabidopsis seed, leaf, root, and shoot cDNA libraries were downloaded from The Institute for Genomic Research (www.tigr.org). The ESTs were pooled together and analyzed as above for production of clusters and singletons. The resulting TUGs were identified by BLAST analysis against the Arabidopsis transcriptome (ATH1_cDNA_cm_20040228; http://www.arabidopsis.org). Only TUGs with transcript matches longer than 100 bp and greater than 97% identity were retained. A set of Arabidopsis genes expressed in pollen was also obtained from Honys and Twell (2003) .
RT-PCR
Primers were generated based on sequence data available at NCBI for the following ESTs: BE641602, BE642746, BQ087334, BE641661, BE642715, BE642350, CV734685, and BE642120 (supplemental data). One microgram of total RNA from dry spores, 20-h spores, 14-d-old gametophytes, and mature sporophytes was used for reverse transcription with oligo(dT) 22 primer and SuperScript II reverse transcriptase (Invitrogen) following the manufacturer's protocol. RNA was treated with Amplification Grade Deoxyribonuclease I (Invitrogen) following the manufacturer's protocol just prior to reverse transcription reaction. Twenty-microliter RT reactions were diluted 1:4 with nuclease-free water, and 10 mL of dilute RT was used as template in 25-mL PCR reactions with Taq PCR Master Mix (Qiagen, Valencia, CA).
Microarray Construction
Spotted cDNA microarrays were printed following protocols by Childs et al. (2003) . The 3,840 cDNA clones corresponding to the EST library described by Stout et al. (2003) and deposited in the EST database (GenBank accession nos. BE640669-BE643506 and BQ086920-BQ087668) were amplified by PCR with SP6 and T7 vector-specific primers in 96-well plate format. Amplified cDNA from eight yeast clones with no significant sequence similarity to known C. richardii genes were included in arrays to serve as nonspecific binding controls. Sheared and unsheared yeast genomic DNA and C. richardii genomic DNA were also included as nonspecific binding spots.
Poly-L-lysine-coated slides were produced following the protocol of Childs et al. (2003) , available at www.microarrays.org. Thirty-two tips in 4 3 8 configuration were used with Array Maker 2.4 software (http://derisilab. ucsf.edu/arraymaker.shtml) for array printing. Arrays were rehydrated, blocked, and post-processed following the protocol of Childs et al. (2003) and used within 3 weeks of post-processing.
Fluorescent Probe Synthesis and Data Acquisition
Amino-allyl dUTP Cy3-and Cy5-labeled microarray probes were synthesized following protocols adapted from DeRisi (2003) . Equal quantities of total RNA (15 to 30 mg) from two time points were used for each array probe. Reverse transcription with oligo(dT) 22 primer and SuperScript II reverse transcriptase (Invitrogen) with amino-allyl dUTP (Ambion) were used to generate first strand cDNA. The cDNA sample from each time point was conjugated to one of Cy3 or Cy5 dyes (Amersham Biosciences, Buckinghamshire, UK), and dye-swapped probes were included in this study. Two microliters of 10 mg/mL sheared herring sperm DNA was included in each 50-mL probe for nonspecific binding. The probe was applied to an array with 22 3 401 LifterSlip cover slides (Erie Scientific, Portsmouth, NH) and allowed to hybridize for approximately 6 h at 65°C in humid array hybridization chambers (Corning, Corning, NY). Detailed descriptions of each array hybridization included in this study can be found in the supplemental data.
Immediately following hybridization, the chambers were disassembled and arrays washed according to the method at http://chipmunk.icmb.utexas. edu/ilcrc/protocols/index.shtml. In some cases, Dye Saver 1 (Genisphere, Hatfield, PA) was used prior to scanning to prevent unequal degradation of the two dyes. Arrays were scanned following the protocol at http:// chipmunk.icmb.utexas.edu/ilcrc/protocols/Scanning.pdf using an Axon 4000 scanner (Molecular Devices, Union City, CA) and Axon GenePix Pro 4.1 or 5.1 software. The automatic flagging feature to identify spots not found was used. After manually grinding arrays to correct for spot identification errors in the automatic spot location feature of genepix, array images, settings, and results files were uploaded into the Longhorn Array Database (Killion et al., 2003) and are available in the supplemental data. In order to compare separate array hybridizations, normalization of arrays was calculated based on median log ratio equal to zero. The only R/G normalized mean values of spots that were retrieved and compiled for analysis using BAGEL software (Townsend and Hartl, 2002) were those that met the following criteria: spots must have been unflagged by genepix, must have a minimum of 50 spot pixels, and must have at least 50% of green-or red-spot pixels greater then background intensity plus two SDs. Any spots not meeting these criteria were omitted from further analysis.
Quantitative Real-Time RT-PCR Total RNA was isolated and handled as above, with the exception that DNase treatment of the RNA was carried out just prior to the reverse transcription step as opposed to treatment of the entire RNA sample directly after it was isolated. One microgram of RNA from 0, 6, 12, and 48 h time points was reverse transcribed according to the manufacturer's instructions with oligo(dT) 22 primer and SuperScript II reverse transcriptase (Invitrogen) to generate first strand cDNA.
Quantitative real-time RT-PCR was performed on six TUGs, and expression changes were compared to microarray analysis. LUX fluorescent primers were designed using Invitrogen's Web-based LUX Designer software (http:// www.invitrogen.com/content.cfm?pageid53978#PrimerDesign) based on the EST sequences of BE640734 (APT1), BQ086953 (a-tubulin), BE643392, BE642763, BE642932, BE642028, BQ087159, and BE642674. APT1 and a-tubulin were chosen as control genes because of their general use as such in other systems, their lack of significant expression changes in microarray analysis, and their minimal sequence similarity to other Ceratopteris ESTs. Control gene primers were labeled with JOE, while all experimental genes were labeled with FAM, and primer sequences are available (Supplemental Table II ). PCR reactions were performed in 96-well polypropylene microplates using Platinum Quantitative PCR SuperMix-UDG (Invitrogen) according to the Invitrogen cycling programs and protocols at one-half final volumes (25 mL). A final concentration of 50 nM of appropriate gene-specific primers and the equivalent of 100 ng of reverse-transcribed RNA were used per reaction. PCR and fluorescence measurements were carried out with the ABI Prism 7900HT sequence detection system (Applied Biosystems, Foster, CA) as an absolute quantification run, and initial data analysis was done with the manufacturer-supplied SDS 2.2 software. Single target amplification of all samples and absence of genomic DNA in mock RT controls was verified via dissociation curve analysis. Fold expression changes were calculated using the comparative C T method (User Bulletin 2; ABI Prism 7700 sequence detection system) in Microsoft Excel. For comparison with microarray BAGEL expression patterns, real-time RT-PCR expression change values were normalized to the lowest expression value.
Upon request, all novel materials described in this publication will be made available in a timely manner for noncommercial research purposes, subject to the requisite permission from any third-party owners of all or parts of the material. Obtaining any permission will be the responsibility of the requestor.
Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession numbers BE640669 to BE643506, BQ086920 to BQ087668, and CV734654 to CV736151. A tabular summary of significant changes in gene expression based on BAGEL is provided in Supplemental Table I . Additionally, all raw microarray data from the 34 arrays included in this analysis are available upon request from the corresponding author.
